Introduction
Luminescent bacteria are known to convert chemical energy into light, which allows them to glow in the dark with a visible peak wavelength (ca. 490 nm). From an evolutional viewpoint, luciferase in an organism was hypothesized to have originated as an oxygen scavenger after the appearance of oxygen on Earth. 1 The materials involved in the bioluminescence reaction have been thoroughly studied. Bacterial bioluminescence accompanies the oxidation of FMNH2 and a long-chain aldehyde by molecular oxygen, catalyzed by the enzyme luciferase. 2, 3 Bacterial luciferase catalyzes the luminescence reaction in luminous bacteria utilizing FMNH2, a long-chain aldehyde and O2 to produce green-blue light at 490 nm and reaction products, FMN, and corresponding fatty acid, as shown in the following reaction: FMNH2 + RCHO + O2 ⎯→ FMN + RCOOH + H2O.
Following the binding of FMNH2 and reacting with O2, luciferase forms a hydroperoxyflavin intermediate, which in turn reacts with aldehyde to give light emission. 4 Luminescent bacteria produce and respond to autoinducer signals to modulate the luciferase structural operon in response to changes in the cell-population density. 5 Structurally, bacterial cells may be regarded as enzyme bags into which substrates (oxygen or autoinducer, for example) diffuse. 6 In systems where a semipermeable membrane separates the substrate and the enzyme, the product concentration often oscillates 7, 8 as a result of socalled reaction-diffusion phenomena. In a previous report, we indicated that the difference in the initial bacteria density resulted in a difference in the luminescence starting time. 9 From this previous report, we were aware of some fluctuation in the luminescent intensity from the liquid broth. Interested by this fluctuation we tried to carefully observe the time course of the bioluminescent intensity. In this paper, we report on an observation of luminescence intensity oscillation, and its mode change according to the broth component. Simultaneous measurements of the optical density and the dissolved oxygen concentration were also performed.
Experimental
A luminescent bacterium was collected and isolated from a cuttlefish, Todarodes pacificus, purchased at a local supermarket, as described. 9 To identify the luminescent bacterium, a 1.2 kb DNA fragment of the gyrB gene was amplified from genomic DNA by PCR using primers, 5′-GAAGTTATCATGACGGTACTTC-3′ and 5′-AGCGTACG-AATGTGAGAACC-3′. A sequence similarity search was performed using the BLAST program provided by NCBI. The luminescent bacterium was cultivated in a liquid culture medium (Marine Broth 2216, Difco Laboratories, USA) up to an O.D. 600 of about 0.4, and then the cultures were diluted by the same broth to have a final optical density of 0.40. Then, 100 μl of the diluted culture was inoculated into 20 ml of marine broth in 50 ml glass vials. The sample glass vials were sealed with silicon stoppers and incubated at 17˚C during a measurement with stirring. The light intensity at 470 nm from the glass vials was measured using an optical power meter (Model 3664, Hioki E.E. Co., Japan), and light detectors were attached to the glass vials. The output signal from optical power meter was recorded by an A/D recorder (ZAK-01 A/D recorder, As One, Japan). Luminescent images of the glass vials were captured every 20 min using a digital still camera (Camedia E-20, Olympus, Japan) with an exposure time of 8 min. The optical density of the bacterial suspension was measured using a UV/Vis spectrophotometer (DU-7400, Beckman Instruments Inc., Fullerton, CA). The dissolved oxygen concentration was measured using an electrochemical oxygen probe (Type BO, ABLE Corporation, Tokyo Oscillation in the bioluminescent intensity from a luminous bacteria suspension was observed. The time course of the luminescence intensity from a suspension containing luminous bacteria was measured. The oscillation mode changed with the liquid broth component. The optical density and dissolved oxygen (DO) concentration were measured simultaneously with the luminescence intensity, and a possibility was indicated that both diauxic growth and oxygen reaction-consumption resulted with oscillation. 
Results and Discussion

Identification of luminous bacteria
At first, we identified the luminescent bacterium based on a sequence of a PCR amplified 1.2 kb DNA fragment of the gyrB gene. The sequence was exactly identical to that of Photobacterium kishitanii (ATCC BAA-1194). Photobacterium kishitanii strains have been found in Japanese codling and several different fish species. Thus, the isolated luminescent bacterium was identified as Photobacterium kishitanii (ATCC BAA-1194), or at least a closely related strain.
Effects of liquid broth components on the luminescent curve
The following reagents were used for the experiments: NaCl (Wako Chemical Pure Industries Ltd., Japan), peptone (Bacto . Some cells of the bacteria were, therefore, thought to be unable to emit enough light at a certain time because of a lack of peptone. From these results, we suspected that the change in the yeast extract concentration might affect the shape of the time course curve, and that peptone is needed to have sufficient luminescent intensity. Several trials were performed with different yeast extract concentrations. We also conducted experiments in which we replaced yeast extracts with other nutrients. Figure 1 shows the luminescence intensity curves obtained from bacterial suspensions with different components. All three suspensions contained commonly 30 g/l of NaCl and 10 g/l of peptone. In addition, (a) contained 5 g/l of yeast extract, and (b) 5 g/l of malt extract. In the case of (c), (a) and 1/2 of (b) (in volume) were mixed. From the figure, it is clear that the peak intensity is observed earliest in (a), latest in (b), and between the two in (c). The experiments demonstrated that the addition of malt extract into the broth delayed the peak time. We were then interested in the effect of the nutrient concentration on the luminescence curve. Through trial-and-error, we changed the nutrient concentration, and eventually the yeast extract concentration was shown to have a remarkable effect on the curve. In order to observe the effect of yeast extract on the luminescent curve, we used the minimum concentration of peptone, which was necessary to have sufficient luminescent intensity. Figure 2 shows the luminescence intensity curves obtained from bacterial suspensions with different yeast extract concentrations. In both suspensions, 30 g/l of NaCl and 5 g/l of peptone were commonly contained. In (a) and (b), the yeast extract concentrations were 2.5 and 10 g/l, respectively. As is clear from the figure, at least four distinct peaks were observed in (a), but only one in (b). The blinking behavior in the case of (a) was clearly recognized from digital-camera images. The aim of this paper is limited to report our findings, although several reasons could be considered for the oscillation in the luminescence intensity. We therefore measured both the bacterial density and the dissolved oxygen concentration throughout the growth. Figure 3 gives the results of the simultaneously measured 424 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 Fig. 2(a) . The luminescent intensity was normalized.
Relationships of the luminescent intensity to the bacterial and oxygen concentrations
luminescent intensity and the bacterial density. In the bacterial density curve at 410 min, a folding point can be found. It is known that when bacteria are grown in a batch culture containing a mixture of two growth-limiting substrates, they show some specific patterns in the growth curve. 10 In addition, a few distinct phases of active growth are observed in a diauxic growth curve.
11
Although the results do not give definitive evidence, they indicate that the oscillation in the luminescence intensity was due to a growth phase difference caused by the complexity of the nutrients.
The origins of marine bioluminescence are thought to be related to oxygen defense mechanisms in the organisms. 1, 12, 13 We therefore measured the dissolved oxygen (DO) concentration of the suspension simultaneously with the luminescence intensity. Figure 4 shows the time course of the dissolved oxygen concentration and the luminescence intensity. Because stirring of the suspension started at time zero, immediately after time zero the dissolved oxygen concentration increased. Before the luminescence intensity reached the first peak, the DO concentration reached a minimal value. Then, the luminescence curve showed two more peaks, but the DO curve showed only one apparent valley throughout the time measured. It is therefore natural to consider that in the time range from 0 to 1000 min, the logarithmic growth of bacteria resulted in an increase of the luminescence intensity and a decrease in the DO concentration. It is unknown whether the decrease in DO was mainly due to oxygen scavenging by the luminescence, or due to consumption by the increasing number of cells. The relationship between the luminescence and the DO consumption has been studied, 14 but the main reason for the appearance of several peaks in the figure is still obscure.
Helmstettera et al. reported experimentally that the doubling time was changed by the nutrient condition of the medium during a periodical increase in the bacterial cell concentration. 11 In this sense, the possibility can not be neglected that our peaks were observed due to a periodical increase in the cell concentration.
However, Pooley et al. reported that a luminescent intensity peak appeared twice in the log growth phase. 15 These facts indicate that the luminescence intensity and the cell concentration may not be linearly related. Therefore, other reasons for the peak appearance should be considered.
In the quorum sensing mechanism of these bacteria, luciferase is expressed only after the autoinducer concentration exceeded a certain threshold. 6 If the autoinducer concentration in the suspension oscillated, the total amount of luciferase in the suspension should increase stepwise.
A possible reason for the oscillation could also be found in the behavior of the substrate-enzyme intermediate.
The decomposition rate of the complexes of luciferase with FMN and fatty acid is reported to be slower than that of the decay of luminescence. 4 If the decomposition synchronized for several times, the oscillation of the luminescence might be measured.
Conclusions
Oscillation in the luminescence intensity from the bacterial suspension was observed, and the main reason for such behavior needs to be investigated. Several possible reasons were considered. Firstly, DO that diffused into and reacted in the bacterial cell followed a reaction-diffusion rule, and possibly resulted in the oscillation in the product light. Secondly, because the cell population synchronized the cell division several times, the luminescent periodically changed with a step increase of the cell density. Thirdly, the FMN-luciferase complex decomposed more slowly than the luminescence, and somehow resulted in the oscillation. Further studies are necessary to ascertain the mechanism of our findings. Our observations that the bacterial products concentration oscillated under a certain condition might bring about a novel insight into the bacterial production process, such as fermentation or a toxin production procedure.
